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Introduction
Transcranial magnetic stimulation (TMS) is a safe and non-invasive technique that is frequently used to evaluate cortical function and corticospinal pathway in health and disease (Anand and Hotson, 2002; Rossi, 2009) . As a consequence of the widespread use of TMS, a large variety of TMS measures are reported in the literature, including motor thresholds (MT), amplitude of motor evoked potentials (MEP), cortical map measures [e.g. size of the cortical map (map area), volume of the map and center of gravity of the map (CoG)] and measures of intracortical inhibitory/facilitatory mechanisms [e.g. short-interval intracortical inhibition (SICI), long-interval intracortical inhibition (LICI), silent period, etc.]. All these measures can be taken at rest or during active contraction of the target muscle. Several studies performed in clinical populations include measurements under both resting and active conditions (Khedr et al., 2011a; Khedr et al., 2011b; Orth, 2009; Vacherot et al., 2010) . However there are still a limited number of studies focusing on relationship between TMS-measures obtained at rest and during active muscle contraction in healthy individuals. For example, it remains unclear whether the location of a motor map taken at rest and the location of a motor map taken during muscle contraction are similar. Also, the clarification of the relationship between resting and active TMS measures is necessary to interpret and compare adequately the results of studies using different approaches to set their stimulation protocols. For example, several authors set the intensity of paired-pulse TMS or rTMS stimulations by using a percentage of the resting motor threshold (rMT) (Fisher et al., 2002; Maeda et al., 2002) , while others base their calculations on a percentage of the active motor threshold (aMT) (Di Lazzaro et al., 2006; Filipovic et al., 2010; Orth et al., 2003; Ortu et al., 2008) .
Another important issue aspect to bear in mind when comparing different TMS measures is their respective reliability. Several studies have investigated the reliability of some TMS measurements (Boroojerdi et al., 2000; Cacchio et al., 2009; Carroll et al., 2001; Corneal et al., 2005; Kimiskidis et al., 2004; Maeda et al., 2002; Malcolm et al., 2006; Mills and Nithi, 1997; Mortifee et al., 1994; Orth et al., 2003; Uy et al., 2002; Wilson et al., 1995; . However most of these studies have focused on measures taken at rest. Only three studies have reported the reliability of measures taken during active contraction using appropriate statistical approaches (Carroll et al., 2001; Kamen, 2004; van Hedel et al., 2007) , and none of these studies have looked at motor map parameters. Moreover reliability studies on measurement taken at rest often investigated only short-term reliability. Studies looking at intervals of four weeks and more mainly focused on corticospinal excitability measurements (Cacchio et al., 2009; Corneal et al., 2005; Kimiskidis et al., 2004; Mills and Nithi, 1997; Mortifee et al., 1994) , neglecting the reliability of motor mapping procedures (except (Malcolm et al., 2006) ).
The purpose of this study was two-fold: First, we wanted to compare a variety of TMS measures (at the hotspot: MT, MEP amplitude and SICI; parameters of motor maps: area, normalised volume, center of gravity (CoG)) obtained at rest with those obtained during slight muscle contraction, and to evaluate the relationship between measures taken under these two conditions. A second objective was to systematically assess the test-retest reliability of these measures under resting and active conditions for short and long inter-session intervals.
Method

Participants
Twelve healthy subjects (seven women and five men) aged between 21 and 34 years (mean age 26.5 ± 4.3 years) participated in the study. All subjects but one were right-handed, based on the revised Edinburgh Handedness Inventory (Oldfield, 1971) . None of the subjects had a history of neurological deficit, systemic disease, or musculoskeletal disease, and none had sustained upper extremity injuries within the previous three months. Contraindications for magnetic resonance imaging (MRI) or TMS (e.g. metallic or electronic implants, pregnancy, history of epilepsy, etc) were also among the exclusion criteria.
The study was approved by the local ethics committee and has therefore been performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki. All participants gave their written consent after being informed of the nature and purpose of the study.
Experimental design
Four aspects of test-retest measurements were examined: (a) short-term reliability with hand muscles tested at rest; (b) short-term reliability with hand muscles tested during muscle contraction; (c) long-term reliability with hand muscles tested at rest and (d) long-term reliability with hand muscles tested during contraction. To assess both short-term and long-term reliability, participants were tested during three separate sessions. There was a fix interval of four days between sessions 1 and 2. Session 3 was performed at least one month after session 2. The inter-session interval between sessions 2 and 3 ranged from 35 to 457 days, with a median interval of 88 days. All participants completed the three sessions except for one who could not attend the last session due to health issues unrelated to the experiment (n = 11 participants for session 3). For each session, the same TMS procedure was performed, both at rest and during muscle contraction.
Electromyography
After skin preparation, two Ag/AgCl surface recording electrodes (1 cm 2 recording area) were placed over the non-dominant first dorsal interosseous (FDI) muscle in a belly-tendon montage, with a ground electrode positioned over the ulnar styloid process. EMG signals were amplified, bandpass filtered (20-1000 Hz), digitized at a sampling rate of 2000 Hz (Power1401 Interface; Cambridge Electronic Design, Cambridge, UK) and stored on a computer for off-line analyses. At the start of each session, the EMG associated with the maximum voluntary contraction (MVC) of the FDI was evaluated. Three successive trials were performed with an inter-trial interval of 30 s, without feedback to the subject. The highest value of the three trials was retained as the MVC, which was used to set the targeted level of FDI contraction (7.5±2.5% of MVC) for active conditions. During testing, the EMG root mean square (RMS) value of the 50 ms timeframe preceding each TMS pulse was verified to ensure that the baseline EMG activity preceding each TMS pulse was appropriate for the conditions tested (rest or 7.5±2.5% of MVC under active conditions).
TMS procedures
Prior to the TMS session, a 3D image of the head was obtained using magnetic resonance imaging (MRI) for each subject in order to use the frameless stereotaxy neuronavigation system (Brainsight, Rogue
Research). The use of a neuronavigation system ensured accurate positioning of the coil throughout a session and across the different sessions. A 56-point grid (with points spaced by 10 mm, with seven rows in the anteroposterior axis and eight columns in the mediolateral axis) was implemented over the precentral gyrus of contralateral hemisphere on the 3D brain reconstruction (see Figure 1 ). The primary motor cortex (M1) representation of the FDI muscle was mapped using a 70 mm figure-of-eight coil connected to a BiStim TMS stimulator (Magstim, Magstim Company Ltd, U.K). The optimal location (hotspot) of the target muscle was found and used for the assessment of motor threshold and for the paired-pulse procedures.
Motor threshold
Resting and active motor thresholds for the FDI muscle expressed in percentage of the maximum stimulator output (MSO) were determined. The motor threshold at rest (rMT) was defined for each participant as the minimal intensity of stimulation capable of eliciting MEPs of at least 50 µv in 50% of the trials with the FDI at rest (no muscle contraction). Alternately, the active motor threshold (aMT) was defined as the minimal TMS intensity that produced MEP amplitudes of at least 120% of background EMG in at least 50% of the trials (6 out of 12 trials), with muscle contraction maintained to 7.5±2.5% of the MVC. Visual feedback of the EMG activity was given to the subject during active conditions in order to ensure stable muscle contraction.
Motor mapping
The different points of the grid were stimulated with six successive TMS pulses separated by intervals of 4 to 6 s (random interval). The mapping was first performed with the muscle at rest, and then with the muscle contracted. It is important to note that the resting and active conditions were tested with a TMS intensity set at 110% of the rMT and aMT, respectively (and not with the same absolute intensity of stimulation). For each point and condition, the peak-to-peak amplitude of the recorded MEP was measured and averaged using Spike 2 software ( represents the mean amplitude of the MEPs produced at one site (Wassermann et al., 1992) .
Map area was calculated as the sum of the active points/ sites. A standardized grid was used across subjects (inter-site distance of 10 mm), with the number of active sites truly representing the cortical area.
A site was considered active if (1) at least two MEPs ≥ 50 µv were elicited out of six stimulations (resting conditions) or (2) if at least two MEPs clearly discernable from the background EMG were elicited (active conditions). Map boundaries were delimited by non-active sites which had produced  one MEP.
Normalized volume was calculated by adding mean amplitudes of each stimulated site divided by the mean MEP amplitude at the site where the largest responses were obtained.
Paired pulse procedure
The protocol used for the evaluation of the short intracortical inhibition (SICI) was similar to the protocol described by Kujirai (Kujirai et al., 1993) , with a subthreshold conditioning stimulus followed by a suprathreshold test stimulus, both delivered at the hotspot. The stimulus intensity of the conditioning pulse was adjusted to 80% of the rMT for resting conditions and 80% of the aMT for active conditions. The second pulse (test stimulus) was given at an intensity of 120% of the rMT (resting conditions) and 120% of the aMT (active conditions). The interval between the conditioning and test stimulus was set at 3 ms. Ten trials were performed for each of the two conditions (test stimuli only and 3 ms paired-pulse stimuli). The two conditions were presented in a randomized order with the inter-trial interval varying between 4 and 6 s.
The paired-pulse procedure at rest was performed immediately after the mapping performed at rest, while the paired-pulse procedure under the active conditions was performed immediately after the mapping in active conditions. The amplitude of the conditioned MEPs was expressed in percentage of the test stimuli response.
Data pre-processing and statistical analysis
The different TMS-related measurements studied were analyzed in relation to the two objectives of this study.
In order to ensure that the voluntary muscle activity during active conditions was comparable between the three sessions, comparisons and correlations of MVC values were made between sessions 1 and 2 and between sessions 1 and 3 using paired-sample t-tests and Pearson's test.
Comparison of resting and active measures and their association
To verify whether testing under resting and active conditions convey similar information, comparisons were performed between resting and active TMS measures of session 1, using paired-sample t-tests. Pearson correlation analyses were also used to assess the association between the measures obtained at rest and the measures obtained during active conditions.
Reliability analyses
Prior to reliability analyses, the statistical dispersion (between-subject variability) was assessed using the coefficient of variation (CV). The CV is defined as the ratio of the standard deviation to the mean [CV=σ/|µ|] (higher values reflecting higher dispersion).
To assess reliability, intra-class correlation coefficients (ICC) based on a two-way random effects analysis of variance (ANOVA) were used. ICC values vary from 0 to 1, with 1 indicating perfect reliability.
Results for ICC were interpreted as follows: (1) reliability of measures with ICC ≥ 0.90 was considered excellent; (2) reliability of measures with ICC ranging from 0.75 to 0.89 was considered good; and (3) reliability of measures with ICC under 0.75 was considered poor to moderate (McGraw and Wong, 1996; Portney and Watkins, 2000; Shrout and Fleiss, 1979) .
Because the ICC does not allow us to fully appreciate the magnitude of within-subject variance,
we also calculated the standard error of measurement (SEM) and the smallest real difference (SRD) (Beckerman et al., 2001 ). According to Beckerman et al. (2001) and Stratford (2004) , the SEM represents the within-subject reliability of the measure and, consequently, the reliability of the measure (Beckerman et al., 2001; Stratford, 2004) . The SEM was determined using the following formula: SEM = √MSE, where MSE = mean square error. The SRD represents the threshold over which an individual change can be considered significant when taking into account the variability associated with both the measurement technique and the experimental sample (Beckerman et al., 2001 ) and was calculated using the equation SRD = 1.96 * √2 * SEM, where SEM = standard error of measurement. The SEM and SRD were calculated when good to excellent reproducibility was found (ICC>0.75 and/or CV<0.15).
For all the analyses, the results were considered to be significant if p < 0.05 was obtained. All tests were performed using SPSS (version 13.0 for Windows, Chicago, IL, USA). 
Results
Comparison
Comparison of resting and active measures and their association
Descriptive statistics for the different TMS measures obtained at rest and during muscle contraction are presented in Table 1 . Unsurprisingly, a significant difference was observed between the resting motor threshold (rMT) and active motor threshold (aMT), with the rMT being higher than the aMT.
There was also a tendency for MEP amplitude to be larger in active conditions compared to resting conditions, but the difference did not reach statistical significance (note that intensity of stimulation was adjusted to aMT and rMT respectively). This tendency was observed both for the MEP amplitude obtained with TMS intensity set at 110% of MT and for MEP amplitude obtained with TMS intensity set at 120% of MT. No differences between the active and resting conditions were found for all the other TMS measures (areas, normalized volume, CoG, and SICI).
For the correlation analyses, a positive association was found between the resting and active conditions for MT, MEP amplitude obtained at 120% of MT and CoG values. No significant correlation was found for MEP amplitude obtained at 110%, map area, normalized map volume and SICI. Association between motor thresholds in the resting vs. active conditions is depicted in Figure 2 . As this association is of particular interest when comparing paired-pulses or rTMS paradigms (e.g. some authors adjusting intensity of stimulation relative to the rMT while others use the aMT), it is interesting to note that aMT corresponds on average to 82% of rMT.
Reliability of TMS measures
The different reliability indices are presented in Tables 2 and 3 . rMT and aMT measures showed good short-term and long-term reliability. Amplitude of the MEP obtained at 120% of the MT showed moderate to good reliability for the two conditions. Moderate short-term and long-term reliability was found for normalized map volume in active conditions. Poor to moderate short-term and long-term reliability were found for normalized map volume at rest, MEP amplitude obtained at 110% of MT (resting and active conditions) and map area (resting and active conditions).
According to the ICC, all CoG measures showed good to excellent short-term and long-term reliability in both resting and active conditions except in the x axis (see Table 3 ). In particular, the ICC showed poor to moderate reliability in the mediolateral axis (x) and good to excellent reliability in the anteroposterior (y) and inferior-superior (z) axis. For the SEM, all CoG measures showed excellent shortterm and long-term reliability (in the three axes) in both resting and active conditions. Finally, according to the CV, the between-subject variability of CoG location was relatively high in the anteroposterior axis (y) and relatively low in the two other axes.
Good short-term and long-term reliability was found for the SICI under resting but not under active conditions. Despite the high ICC values obtained in resting conditions, the CV and SEM values were relatively high, suggesting important between-and within-subject variability of SICI, respectively.
Discussion
Results of the present study bring new information regarding the comparability of TMS maps obtained at rest and under active conditions. Moreover, although several previous studies have investigated reliability of TMS measures, the present study adds additional information on several important aspects.
First, while most of the previous studies assessed the reliability of TMS measures taken only at rest, this study evaluated the reliability of TMS measures under both resting and active conditions. Second, we have systematically investigated within the same study the reliability of various TMS measures (including motor map parameters), with both short-term and long-term intervals, which allow comparisons between different types of measures.
Comparisons of TMS measures between resting and active conditions and their association
Motor threshold. In the present study, intensities of stimulation were adjusted based on the individual motor threshold obtained under the same conditions. In agreement with earlier reports, our results show that the aMT was significantly lower than the rMT (Buccolieri et al., 2004; Quartarone et al., 2006; Wassermann, 2002) , and that there is a strong linear association between these two measures (Deblieck et al., 2008; Wassermann, 2002) . Our data showed that aMT of the FDI corresponds on average to 82% of rMT. This information can be used to facilitate comparisons between studies. For example it confirms that when performing a SICI protocol, using an intensity of stimulation (for the conditioning stimulus) of 100% of the aMT (Di Lazzaro et al., 2006; Orth et al., 2003) or of 80 % of rMT (Fisher et al., 2002; Maeda et al., 2002) should yield similar results.
MEP amplitude.
Several studies have shown that the MEP amplitude is enhanced by muscle contraction (Buccolieri et al., 2004; Christova et al., 2006; Darling et al., 2006; Devanne et al., 1997; Hasegaw et al., 2001; Helmers, 1989; Roshan et al., 2003; Turton and Lemon, 1999) . Our results suggested a similar tendency for the active MEPs to be greater than the resting MEPs, but this difference did not reached significance (p<0.09, both at 110% and 120% of MT). This lack of statistically significant difference might be attributable to the small sample size (limited statistical power increasing the probability of committing a type-II error) and to the considerable trial-to-trial variability in MEP amplitude (Pitcher et al., 2003; Smith et al., 2011) ).
The examination of the relationship between resting MEP amplitudes and active MEP amplitudes revealed that there was no significant association when MEPs were obtained at 110% of the MT.
Alternately, when the intensity of stimulation was set at 120% of the MT, a significant association between the two conditions was observed. Again, the absence of a significant association between resting and active MEPs for measures obtained at 110% of the MT could reflect the large trial-to-trial variability of MEP amplitude. This variability can be particularly important at lower stimulation intensities (Pitcher et al., 2003) . Importantly, the presence of an association for MEP amplitudes obtained at 120% of MT but not for
MEPs obtained at 110% of MT (and the better reliability observed for MEP amplitudes obtained at 120%; see reliability section) suggests that higher stimulation intensities should be preferred.
Motor map parameters. To our knowledge, only one group have compared motor maps obtained at rest and during active contraction in healthy subjects, and those two studies have been conducted in five subjects, without a neuronavigation system (Wilson et al., 1995 (Wilson et al., , 1993 . These authors reported a medial shift of the optimal stimulus site and/or the CoG between resting and active conditions, suggesting a difference in the location of the map. Results of the present study, performed with MRI-guided TMS and using a larger sample, do not support that view however. Similar results (e.g. comparable CoG location at rest and during contraction) have been reported recently in patients with upper limb amputation (for aboveelbow muscles on the amputated and intact side) (Gagné et al., 2011) . This suggests that in individuals with high resting motor thresholds, mapping the motor representation with the muscle slightly contracted should yield results (for the CoG) that are comparable to those that would be obtained at rest (although it is still unknown whether this remains true for all muscle groups). Moreover, the present results showed no significant differences between the map area and volume obtained at rest and during active contraction, a finding consistent with previous results (Wilson et al., 1995) .
SICI. Lack of difference between the SICI measured at rest and during active conditions is somewhat surprising given that some authors have reported decreased inhibition under active conditions compared to resting conditions (Fisher et al., 2002; Ridding et al., 1995) . However, the effect of muscle contractions on intracortical inhibition has been shown to vary according to the intensity of muscle contractions (SICI decreases as the muscle contractions increase, and a low contraction level (7.5±2.5% of MVC) was used in the present study), to the intensity of the conditioning stimulus as well as to the intensity of the test stimulus (Ortu et al., 2008; Roshan et al. 2003) . The fact that a fix stimulation intensity was used in our study (120% of rMT or aMT) resulted in larger test MEPs in the active condition compared to the resting condition. This quick and simple procedure to assess SICI (fix intensities relative to MT and single inter-stimulus interval) was employed because of the focus of this study on motor mapping (a timeconsuming procedure). A study focusing exclusively on SICI and systematically investigating these factors would be needed in order to understand better the differences between SICI at rest and during active contraction, and to identify the most reliable approach.
Reliability of TMS measures
Motor Threshold. Our results corroborate several studies which reported good short-and longterm reliability of MT at rest (Corneal et al., 2005; Kimiskidis et al., 2004; Maeda et al., 2002; Malcolm et al., 2006; . In agreement and in extension to a few studies reporting short-term reliability of aMT (Carroll et al., 2001; Kamen, 2004) , we observed good to excellent short-and long-term reliability for aMT. Moreover, The SRD were relatively low (≤5% of the MSO), indicating that rMT and aMT are sensitive to change. So, if a change greater than 5 % of the MSO is recorded in an individual after a given intervention, there is a high probability that this represents a real change.
MEP amplitude. Moderate to good reliability has been reported for MEP size of the FDI muscle at rest (ICC = 0.60-0.81) and under active condition (ICC= 0.63-0.73) (Kamen, 2004) . In extension to these results, results of the present study suggest that MEP amplitude is more reliable for MEPs obtained at 120% than those obtained at 110%, particularly when taken at rest. This suggests that using higher intensity of stimulation might improve the stability and the reliability of MEPs.
Normalized map volume and area. Previous studies regarding the reliability of TMS measures have provided equivocal results, with some studies demonstrating moderate to good reproducibility for normalized map volume and for map area (Malcolm et al., 2006; , and other studies showing poor to moderate reproducibility for the same measures (Kiers et al., 1993; Mortifee et al., 1994) . The trialto-trial variability of MEP amplitude is well known (Kiers et al., 1993; Pitcher et al., 2003; Smith et al., 2011) and could explain these equivocal results. Our data showed poor reliability for map area either at rest or under active condition, but for map volume a better reliability was observed under active condition.
CoG. In addition to previous studies informing the range of variation for the CoG location at rest for short-term intervals (Miranda et al., 1997; Uy et al., 2002; , the present study establishes the range of normal variation in CoG location under active conditions and for long-term intersessions. The inspection of the ICC values listed in Table 3 could give the impression that the reliability of the CoG in the mediolateral axis (x) is poor. One has nevertheless to remember that ICC are greatly influenced by inter-subject variance (Beckerman et al., 2001) . Hence, the low ICC observed in the x axis probably reflects the lack of inter-subject variability in the CoG location, as illustrated in Figure 3 . This view is further supported by the low SEM values observed for the x axis. The standard error of measurement (SEM) in the x axis is low in resting and active TMS sessions both at short and long-term interval, demonstrating the within-subject reliability and consequently the good reliability of this measure.
Since the resting and active reliability coefficients were similar, our results support the idea that the stability of CoG measures is comparable under active and resting conditions. SICI. We found good short-and long-term reliability at rest but poor short-and long-term reliability in the active condition. In the past, very few studies evaluated the reliability of SICI (Boroojerdi et al., 2000; Maeda et al., 2002; Orth et al., 2003) , and none looked at its reliability under active conditions.
The present results corroborate and extend these previous findings by showing that resting -but not active -SICI measures have good test-rest reliability. Importantly, it has to be underlined that reliability of SICI during active contraction might be better using a different paired-pulse paradigm (e.g. a different interstimulus interval or a smaller intensity for the conditioning stimulus). However, at this point our results
suggest that SICI measures should be taken at rest to ensure good reproducibility. A recommendation that is somewhat dampened by the high SEM values observed for resting SICI, which reminds the experimenter that the information gathered from paired-pulse protocol needs to be carefully interpreted when it comes down to determine clinically significant changes. The higher SRD observed (i.e. 63%) suggests that a change greater than 63% following an intervention represents a real change. Nevertheless, SRD values do not per se indicate undeniable changes. Therefore, it is best to examine SRD in relation to changes in other outcome measurements.
Limitations
An important limitation of the present study concerns the relatively small number of participants tested. Small sample sizes potentially decrease the power of the analyses, hence increasing the probability of committing a type-II error. Moreover only one intrinsic hand muscle was tested, so at this stage the results cannot be generalized to all muscle groups.
Another limitation concerns the important variability for the time interval between the second and third sessions. Contrary to the time interval between the first and second testing sessions (which was fixed at 4 days for all subjects), the interval between the second and third sessions varied between 35 and 457 days (median interval = 88 days). In order to ensure that these disparities did not affect calculation of the different test-retest coefficients, we performed Pearson correlation analyses between the time interval and the absolute delta scores of the different TMS measures i.e. [delta score = |value obtained at session 1 -value obtained at session 3|]. These analyses showed no significant correlation (all p-values > .05),
suggesting that the time interval did not affect the stability/ reliability of the measures.
Conclusion
In conclusion, our study provides a systematic comparison between TMS-measures taken in resting and active conditions. It yields novel information on the relationship between resting and active CoG and on the reliability of several TMS measurements (especially motor maps parameters) taken under active conditions (compared to the same measurement taken at rest). Maps obtained at rest and during active contraction were shown to be very similar to each other when the stimulation intensity is adjusted to the MT taken in the corresponding condition. MT and CoGs were found to be the most reliable measures under both resting and active conditions. Other TMS measures presented a better reliability either at rest (SICI) or under active contraction (map volume). Long-term reliability of TMS measures was found to be very similar (e.g. comparable ICC) to the short-term reliability. Fig. 1 Grid of points on the reconstructed brain. Mapping was performed by successively stimulating the different sites on the grid, starting at the hotspot, until the map was surrounded by inactive sites (number of MEPs≤1 out of six stimulations) Fig. 2 Relationship between rMT and aMT. y is the regression equation; the dotted line represents perfect similarity; the full line represents the line of best fit Fig. 3 Position of the resting map CoG in mediolateral (x axis) and in anteroposterior (y axis) across two sessions. This figure illustrates the fact that the lower ICCs obtained for the mediolateral axis compared to the anteroposterior axis are explained more by very small inter-subject variability than by large intrasubject variability across sessions
